ABSTRACT: From healthy and diseased penaeid shrimp from Asia and the Americas, 25 luminous and 2 non-luminous bacterial strains were isolated, and 14 were phenotypically identified as Vibrio harveyi; 9 isolates produced significant mortalities (45 to 80%) in Artemia franciscana nauplii at inoculation densities of 10 5 to 10 6 CFU ml -1 compared to the controls (unchallenged nauplii). The maximum number of bacteria ingested (bioencapsulated) by the Artemia nauplii varied from less than 10 to 10 3 CFU nauplius -1 and no significant relationship was observed between the density of bacteria inoculated, the amount of bacteria ingested, and naupliar mortality. Significant correlations were obtained between naupliar mortality and production of proteases, phospholipases or siderophores, but not between mortality and lipase production, gelatinase production, hydrophobicity or hemolytic activity. The results suggest that virulence of the strains tested was more related to the production of particular exoenzymes than to the measured colonization factors. 
INTRODUCTION
Luminous vibrios are natural inhabitants of coastal waters (Ruby & Nealson 1977) and shrimp hatchery systems (Abraham & Manley 1995 , Abraham et al. 1997 , Jun & Huai-Shu 1998 . However, during some disease epizootics, luminous Vibrio spp. counts can increase 1000-fold inside larval rearing tanks, leading to bacterial infection by an oral route (Lavilla-Pitogo et al. 1990 ). Luminous vibriosis is caused mainly by strains of V. harveyi but occasionally also by V. splendidus Biovar I, and it is a serious threat to penaeid shrimp hatcheries (Song & Lee 1993 , Karunasagar et al. 1994 , Lavilla-Pitogo 1995 . V. harveyi has been associated with mortalities of penaeid shrimp larvae in the Philippines , Lavilla-Pitogo et al. 1990 , Thailand (Jiravanichpaisal et al. 1994) , India (Karunasagar et al. 1994) , Indonesia (Prayitno & Latchford 1995) , Australia (Pizzutto & Hirst 1995) , Venezuela (Alvarez et al. 1998) and Ecuador (Robertson et al. 1998 ). Additionally, there is an increasing list of aquatic animals for which V. harveyi has also been reported as a major pathogen, including finfish (Balebona et al. 1995 , Saeed 1995 , bivalves (Pass et al. 1987) and phyllosoma larvae of the lobster Jasus verreauxi (Diggles et al. 2000) . Karunasagar et al. (1994) showed that antibioticresistant isolates of Vibrio harveyi could produce between 44 and 80% mortality in Penaeus monodon postlarvae after a 5 d exposure. A study of P. vannamei protozoea immersed for 2 h in a suspension of V. harveyi (Isolate STD3-101) at densities from 10 4 to 10 7 CFU ml -1 showed mortalities of 51 and 90%, respectively (Robertson et al. 1998) . When P. monodon protozoea were challenged with 2 V. harveyi isolates at 10 4 and 10 6 CFU ml -1 (Harris & Owens 1999) , mortalities ranged from 50 to 100% after 40 h exposure. The problem with bath challenges of shrimp larvae is the lack of reproducibility. Therefore, there is a need to standardize in vivo procedures that can reproduce natural conditions and be used to verify the bacterial virulence of isolates from crustacean culture systems.
Antibiotics have been incorporated into live Artemia spp. nauplii for delivery to aquatic animal larvae (Mohney et al. 1990 , Chair et al. 1991 , Touraki et al. 1995 , Roque et al. 1998 ), a process known as bioencapsulation. Bacteria have been similarly incorporated to evaluate their pathogenic, probiotic, or therapeutic potential (Rico-Mora & Voltolina 1995 , Gomez-Gil et al. 1998 , Roque et al. 2000 . For example, bioencapsulated fish pathogenic bacteria have been used to investigate the infection route in turbot larvae (Chair et al. 1994) and to vaccinate fish fry (Campbell et al. 1993) and juvenile carp (Joosten et al. 1995) .
The aim of the present study was to examine the relationship between mortality in Artemia franciscana nauplii and various properties of luminous Vibrio spp. isolates obtained from seawater or diseased shrimp (larvae and juveniles) from Asia and the Americas.
MATERIALS AND METHODS
Isolation and preservation of bacteria. Seventeen luminous and non-luminous bacteria were isolated from shrimp larvae, larval rearing water, and nearby coastal seawater of 3 shrimp hatcheries of northwestern Mexico (Table 1) , and from diseased shrimp larvae and juveniles from the Philippines, Ecuador, and China. Strains were first isolated and partially purified on thiosulphate-citrate-bile-sucrose agar (TCBS, Difco), purified on tryptic soy agar (TSA, Bioxon), supplemented with 2.0% sodium chloride (NaCl), and incubated at 30ºC for 18 to 24 h. Vibrio harveyi ATCC 14126 and V. alginolyticus ATCC 17749 were used as reference strains. All isolates were preserved in cryovials at -70ºC in an ultra-low mechanical freezer (Revco Scientific) according to the methodology proposed by Gherna (1994) .
Bacterial inoculum. To recover the isolates for use in experiments, a bead from the cryovial was placed in 10 ml of tryptic soy broth (TSB, Bioxon) + 2.0% NaCl, followed by incubation at 30ºC overnight with constant agitation. Then, a loop full of the bacterial broth was streaked on TSA + 2.0% NaCl followed by incubation at 30ºC for 20 to 24 h. Several colonies were subsequently taken and suspended in 10 ml of sterile saline solution (2.5% NaCl) to achieve an optical density of 1.0 at 610 nm, similar to a 0.5 MacFarland standard (10 8 CFU ml -1
). These saline bacterial suspensions (SBS) were used as the inoculum for Artemia franciscana challenges. To confirm the bacterial density obtained, the SBS were serially diluted in sterile saline solution and 0.1 ml was spread on TSA plates. The plates were incubated overnight at 30ºC, and the colony forming units counted. The bacterial density used in all bath challenges was between 10 5 and 10 6 CFU ml scheme of Alsina & Blanch (1994) and according to the methodologies of MacFaddin (1990) and Cowan et al. (1993) , except that NaCl was added to a final concentration of 2.5% to allow growth of the isolates. Challenge with Artemia franciscana nauplii. The overall scheme for the challenge tests is shown in Fig. 1 . A. franciscana cysts from the Great Salt Lake (Prime Artemia) were employed in this study. Sterile Artemia nauplii were prepared following the methodology of Gomez-Gil et al. (1998) . Briefly, newly hatched nauplii were collected in a 120 µm sterile sieve and washed thoroughly with sterile seawater, before being placed in a petri dish with 18 ml of sterile seawater. For controls, nauplii were removed and placed (20 each) in 6 glass test tubes (18 × 150 mm) containing 20 ml of sterile seawater previously shaken for oxygenation. The remaining nauplii were subdivided and placed in petri dishes containing sterile seawater (18 ml), in as many petri dishes as different bacterial strains to be tested; 2 ml SBS from each experimental isolate were added to the appropriate petri dish to obtain a bacterial density of 10 5 CFU ml -1 . This protocol permitted the nauplii to incorporate bacteria as soon as their mouths opened (Gomez-Gil et al. 1998) . After 1 h exposure, the nauplii were washed thoroughly with sterile seawater and then subdivided into 20 nauplii each in 6 replicate test tubes for each tested bacterial isolate. All experimental tubes were incubated for 48 h in a water bath at 30°C with constant agitation and lighting. At 24 h, the tubes were thoroughly shaken to oxygenate the water. At 48 h, the number of living nauplii was counted. Five experiments were conducted, each with 4 different isolates and a control (no bacterium inoculated). Expt 6 was done to evaluate reproducibility of the 3 most significantly pathogenic isolates, 1 non-pathogenic isolate and the control.
Uptake of bacteria by Artemia franciscana nauplii. Ten nauplii remaining from each test in the previous experiment were collected and homogenized together in 100 µl of sterile saline (SSE). The entire homogenate was then plated in TSA + 2.0% NaCl and incubated for 24 h at 30°C. This evaluation was run in duplicate. Lee & Yii (1996) was used. Each isolate was washed with 2.5% NaCl sterile saline solution and suspended in 0.002 M sodium phosphate buffer (pH 6.8). The optical density of each bacterial suspension was adjusted to 1.0 at 420 nm. An aliquot of 30 µl of this suspension (in duplicate) was mixed with an equal volume of each concentration of ammonium sulfate (NH 4 ) 2 SO 4 from 0.05 to 4.0 M in 96-well micro-titer plates. The plates were kept at room temperature for 3 h. The SAT value was defined as 
Salt-aggregation test (SAT). The test of Lindahl et al. (1981) as modified by

Bacterial adhesion to hydrocarbons test (BATH).
The method of Rosenberg et al. (1980) was used. Briefly, suspensions of tested isolates were adjusted to an absorbency of 0.16 at 600 nm with saline phosphate buffer (pH 7.2). The suspension was overlaid with 5 different volumes of n-octane (Sigma) in 10 mm glass tubes. After 2 min of constant agitation, the mixtures were allowed to separate for 15 min. Finally, the absorbency at 600 nm of the aqueous phase was registered and the percentage of partition in the hydrocarbon phase was calculated using the following formula:
Hydrophobicity. The criteria proposed by Santos et al. (1990) were used to evaluate the hydrophobicity of each isolate tested in this study. Interpretations were as shown for the SAT test (0.0 to 1.0 M = strongly hydrophobic, 1.0 to 2.0 M = moderately hydrophobic, 2.0 to 4.0 M = weakly hydrophobic, and > 4.0 M = not hydrophobic) and the BATH-test (> 50% partitioning = strongly hydrophobic, 20 to 50% partitioning = moderately hydrophobic, and < 20% partitioning = not hydrophobic).
Enzymatic activity. Bacterial overnight cultures were spot-inoculated onto TSA with 2.0% NaCl that contained 1% gelatin (gelatinase test), 0.2% egg yolk (lipase test) or 1% Tween 80 (phospholipase test). The plates were incubated in a humidified chamber for 24 h at 30°C and the diameter of the lytic halo around each well was measured. Protease activity was examined by a filter-paper method following Morita et al. (1994) . Briefly, sterile filter paper disks (Whatman no. 2, 8 mm diameter) were soaked with 10 and 20 µl SBS of each test isolate and then left to dry before being placed on TSA with 2.0% NaCl and 0.5% skim milk as substrate. The plates were incubated for 24 h at 30°C, after which the disks were soaked with 5% trichloroacetic acid for 1 h. For all these hydrolytic assays, the diameter of the lytic halo around each paper disk was measured and subtracted from the disc diameter (8 mm) to give the relative hydrolysis activity (mm) and 6 to 8 mm was considered strong hydrolytic activity, 3 to 5 mm moderate activity and 1 to 2 mm weak activity.
Siderophore production. The universal method of Schwyn & Neilands (1987) was employed with some modifications. Briefly, isolates were grown in irondeficient MM9 broth for 48 h at 30°C under constant agitation at 95 rpm. For isolates not able to grow in this medium, a supplement of l-ornithine and l-lysine was added at 0.5%, followed by incubation at 30°C for a further 30 h. Afterwards, the broth was used in 2 different treatments. In one treatment it was plated directly onto chrome azurol S agar (CAS); in the other it was plated first on iron-deficient MM9 agar (30°C for 48 h) followed by transfer onto CAS agar. All media employed were supplemented with 2.5% NaCl. Incubation in CAS agar was at 26 to 27°C for up to 72 h and orange halos around colonies were measured at 48 and 72 h by measuring the diameter of the halo around each colony and subtracting from the colony diameter to give the relative activity (mm). Siderophore production was considered positive when the halo diameter divided by the colony diameter exceeded 1.3 ).
Hemolytic activity. Commercial blood agar medium (Bioxon) was enriched with 5% sterile sheep blood and 2.5% NaCl. The bacteria were streaked onto the medium and incubated for 72 h at 30°C. Yellow halos of hemolysis were recorded and categorized qualitatively as non-existent (-), weak (+), moderate (++), high (+++), and very high (++++).
Statistics. Results were statistically analyzed for normality and differences were estimated by an analysis of variance (ANOVA) test while multiple comparisons were done using Duncan or Tukey tests (Zar 1999) .
RESULTS
Isolate characterization and identification
All isolates analyzed were identified as belonging to the genus Vibrio, since they were Gram-negative rods, motile, oxidase-positive, fermented glucose, were sensitive to the vibriostatic agent O/129, and utilized D-mannitol as sole source of carbon (Baumann & Schubert 1984) .
All isolates were arginine dihydrolase-negative, lysine and ornithine decarboxylase-positive. Isolates PN9801, IPL8, PL96-11-6, Z2, 10 MZ, Z1, 11 MZ, Na, Z3, Ea, 1A, STD3-131 and STD3-1002 were identified as typical Vibrio harveyi (citrate-variable, negative for Voges-Proskauer; positive growth with 8% NaCl and negative with 0% NaCl). Isolate M1 was identified as a D-glucosamine-positive V. harveyi. Isolate AP9701 was identified as V. vulnificus (positive growth in 0 and 8% NaCl, citrate-positive). Isolates ML and 2Mz were identified as V. alginolyticus (growth at 8% NaCl, citrate-and Voges-Proskauer-positive). All were luminescent except isolates V. harveyi STD3-1002 and V. alginolyticus 2 MZ and ATCC 17749.
Pathogenicity
Significant differences were observed in the mortalities of Artemia franciscana nauplii exposed to several (Fig. 2) . The bacterial isolates that caused significant mortalities (p < 0.05) were 1A and STD3-131 (Fig 2a) , Na (Fig. 2b) , Z 1 and M 1 (Fig. 2c) , Z 2 and Z 3 (Fig. 2d ), AP9701 and PN9801 (Fig. 2e) . The sixth experiment (Fig. 2f) generally confirmed the reproducibility of the results regarding Isolates Z 2 , PN9801 and M 1 , even though the mortality percentages obtained were somewhat higher. The highest mortalities were obtained with Isolates M 1 , PN9801 and Z 2 (Table 2) . No relation was observed between the isolation source of the strains and their pathogenicity to Artemia nauplii. Only 2 strains (STD3-131 and PN9801) out of 6 isolated from diseased shrimp caused significant mortalities (p < 0.05).
Bacteria were inoculated at a final density of 10 5 to 10 6 CFU ml -1 , and the bioencapsulation varied from a maximum of 2.00 × 10 3 CFU nauplius -1 to a minimum of 4.00 × 10 1 CFU nauplius -1 (Table 2) . No significant correlation was observed between the mean density of bacteria ingested by the Artemia franciscana nauplii (bioencapsulated) and mean naupliar mortality (Pearson product-moment test after logarithmic base-10 transformation, r = -0.210, p = 0.326, n = 24). Nor was there any significant correlation between the mean inoculation density of bacteria and the bioencapsulation of bacteria by the Artemia nauplii (Pearson product-moment test after logarithmic base-10 transformation, r = 0.336, p = 0.108, n = 24).
Cell surface hydrophobicity
With the SAT test, all the isolates were classified as weakly hydrophobic (ranging from 2.5 to 4.0 M: Table 3 ). In contrast, the BATH assay indicated that all the isolates were strongly hydrophobic (> 50% partitioning). The highest degree of hydrophobicity (> 80%) was observed for Isolates STD3-131, Z 1 , Z 2 , Z 3 and PL96-11-6. No significant correlation was observed between the mean hydrophobicity of the isolates by either method and mean naupliar mortalities (SAT method: Spearman test, r = -0.0143, p = 0.952, n = 14; BATH method: Spearman test, r = -0.0217, p = 0.928, n = 18).
Enzymatic activity
Most of the isolates produced lipases, phospholipases and proteases at 48 h, except Isolates 10 MZ and 11 MZ, which did not produce proteases (Table 3) , and Isolate 2 MZ, that produced proteases only. In contrast, few tested isolates produced gelatinases (Vibrio harveyi ATCC 14126, Isolates 1A, ML, 10 MZ, PL96-11-6 and IPL8). Phospholipases were secreted until 96 h and they showed the highest production compared with other enzymes (data not shown). The production of exoenzymes was rated as moderate to strong in most isolates, and it generally increased in time up to 96 h (data not shown). In general terms, V. harveyi Isolates 1A, STD3- 
Siderophore production
Of all the isolates analyzed, 11 (61.1%) were considered to produce siderophores as they had halo/colony diameter ratios higher than 1.3 (Table 3 ) at 72 h of incubation. Exceptions were Isolates Ea, Z 2 , ML, 10Mz, PL96-11-6, 2Mz, and Vibrio harveyi ATCC 14126. A significant correlation was found between percent mortality of nauplii and siderophore production as measured by halo diameter (Spearman test, r = 0.561, p = 0.019, n = 17).
Hemolytic activity
Hemolytic activity was difficult to evaluate since no clear halo border was observed around the colonies of the isolates tested. Therefore the activity was coded with qualitative parameters (weak, moderate, high or very high). Considering this rough interpretation, no relationship was observed between percentage mortality of nauplii and hemolytic activity (Table 3 ). The highest hemolytic activities were observed in Vibrio harveyi ATCC 14126 and IPL8, which did not produce significant mortalities (Fig. 2e) , while the 3 most virulent isolates (M 1 , Z 2 and PN9801) showed high to weak activities (Table 3) .
DISCUSSION
We identified 14 isolates as Vibrio harveyi on the basis of phenotypic characteristics, although some strains showed atypical test results that are not unusual in isolates from seawater and shrimp culture systems (Karunasagar et al. 1994 , Liu et al. 1996a ,b, Alvarez et al. 1998 .
The bioencapsulation of bacteria results presented here and elsewhere (Gomez-Gil et al. 1998 , Makridis et al. 2000 , Roque et al. 2000 , Verschuere et al. 2000 suggest that Artemia franciscana nauplii have a maximum capacity for bioencapsulation (ingestion) of bacterial cells ranging from 10 2 to 10 4 CFU nauplius -1 , independent of the bacterial density to which they are exposed (10 6 to 10 8 CFU ml -1 ) but dependent on the bacterial strain employed. The density of bacteria Table 2 . Artemia franciscana. Challenge density of Vibrio bacteria, number ingested and percent mortality of challenged nauplii in Expts 1 to 6 (a to f in Fig. 2 bioencapsulated by the A. nauplii did not significantly correlate with their mortality. This suggests that pathogenic characteristics of each isolate were more important than the density ingested, as demonstrated also by Gomez-Gil et al. (1998) and Verschuere et al. (2000) . High naupliar mortalities up to 100% have been observed with 2 strains of Vibrio parahaemolyticus and V. alginolyticus (Rico-Mora & Voltolina 1995) and 1 strain of V. proteolyticus (Verschuere et al. 2000) . In the present study, the maximum mortality observed was 82% with Strain Z 2 . Such differences have also been found in bath challenges with penaeid shrimps. Variability is possibly connected with shrimp species tested (Vera et al. 1992) , doses used, time of exposure, age of the shrimp (Jun & Huai-Shu 1998) or pathogenic factors of the strains employed (Pena et al. 1993 , Gomez-Gil et al. 1998 . Variation in virulence for penaeid shrimp larvae has also been observed in V. harveyi strains isolated from different geographical regions and organisms (Lavilla-Pitogo et al. 1990 , Pizzuto & Hirst 1995 , Abraham et al. 1997 . In the present study, < 50% of the strains isolated from diseased shrimp caused significant mortality in A. franciscana nauplii. Therefore, no correlation was observed between isolation source and percent mortality, and pathogenicity is not guaranteed when strains are isolated from diseased crustaceans. It would be interesting to challenge shrimp larvae with this set of strains, but a reproducible challenge protocol for penaeid larvae is still not available. Exoenzyme production, cell surface hydrophobicity and toxin production have been considered virulence factors for some pathogenic bacteria (Lee 1995 , Balebona et al. 1998 . Theoretically, hydrophobic isolates have high affinity for and can easily colonize host tissues, ensuring survival and reproduction. All the isolates analyzed exhibited weak hydrophobicity by the SAT assay, possibly indicating a lack of salting-out agents. Indeed, weak to moderate hydrophobicity was found in several Vibrio harveyi reference strains (Lee & Yii 1996) and in V. harveyi isolates pathogenic from clams (Borrego et al. 1996) . Low hydrophobicity has also been found in V. fischeri, V. nereis, V. harveyi and V. anguillarum isolated from diseased sea bream (Balebona et al. 1995) . In contrast to results obtained with the SAT method, results with the BATH test showed strong hydrophobicity in all the isolates tested. Lack of correlation between SAT and BATH test results was also observed by Santos et al. (1990) and by Lee & Yii (1996) . Lack of correlation between pathogenicity and hydrophobicity has also been reported by Romalde et al. (1990) , who concluded that cell surface properties were not good criteria for estimating pathogenicity of the fish pathogen Yersinia ruckerii. Difficul-237 Table 3 . Vibrio spp. Cell surface hydrophobicity, hydrolytic and hemolytic activities, and siderophore production of isolates from shrimp culture systems. SAT: salt-aggragation test; BATH: bacterial adhesion to hydrocarbons test. Hydrophobicity: w = weak; >50% partitioning = strong. Hydrolytic activities: s = strong; m = moderate; w = weak; nd = no data. Siderophore production: + = positive acivity; -= negative activity. ties in comparison of experimental results between laboratories include the necessity of standardizing the assay conditions (e.g. growth medium, temperature, initial cell density, etc.) (Santos et al. 1990 ) and the growth phase of the bacterial cells used. For example, exponential-phase cells adhere better than stationaryphase cells (Vazquez-Juarez et al. 1994) . Production of extracellular enzymes by bacterial fish pathogens has been widely observed (Amaro et al. 1992 , Esteve et al. 1995 , Biosca & Amaro 1996 , Balebona et al. 1998 , Alcaide et al. 1999 , Linkous & Oliver 1999 , but the role of these products in pathogenesis is still not clear. Several isolates studied here showed moderate to strong activity for proteases and phospholipases, and these activities gave significant positive correlation with naupliar mortality. Other authors have also observed high enzyme activity in virulent Vibrio harveyi strains isolated from mollusks (Borrego et al. 1996) and from shrimps and fishes (Liu et al. 1996b , Montero & Austin 1999 , Zhang & Austin 2000 .
Extracellular protease production was positively correlated with naupliar mortality in this study, and modes of action for these strains could be similar to those of several vibrios and aeromonads in which proteases have been implicated to play a significant role in their virulence to marine organisms (Kothary & Kreger 1987 , Nottage & Birkbeck 1987 , Norqvist et al. 1990 , Nieto & Ellis 1991 , Arnesen & Eggset 1999 , Harris & Owens 1999 . Proteases secreted by some strains of Vibrio parahaemolyticus and V. alginolyticus and several strains of V. harveyi act by destroying enzymatic haemolymph clotting in shrimp (Bing et al. 1993 , 1999 .
Phospholipase was also positively correlated with naupliar mortality, and is another enzyme considered to be a virulence factor due to its capability for lysing fish cells (Lee & Ellis 1990) . This activity has been demonstrated for some Vibrio harveyi strains that lyse rainbow trout erythrocytes (Zhang & Austin 1999) , and the genes responsible for this have been characterized (Zhang et al. 2000) .
Siderophore production was significantly correlated to naupliar mortality, and it is considered to be an essential virulence factor in some species (Wolf & Crosa 1986 , Ratledge & Dover 2000 although not clearly so in others (Owens et al. 1996 , Pedersen et al. 1997 . Other studies reported that virulent strains of Photobacterium damselae (formerly Vibrio damsela) showed siderophore production values very similar to those obtained herein, and were also independent of source or serogroup (Owens et al. 1996 , Fouz et al. 1997 .
In summary, virulence of the luminous bacterial isolates studied was more related to the production of particular exoenzymes (exotoxins?) than to colonization factors. In spite of this apparent trend, we accept that pathogenesis is a multifactor process and that a single factor is unlikely to be the sole determinant of virulence for any individual bacterial isolate.
